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SUMMARY 

Doping o f  hydrogen w i t h  CO and C02 was developed t o  reduce hydrogen p e r -  
mea t ion  i n  S t i r l i n g  engines by forming a low p e r m e a b i l i t y  o x i d e  c o a t i n g  on t h e  
i n n e r  s u r f a c e  o f  t h e  h e a t e r  head tubes. A l though doping worked w e l l ,  under 
c e r t a i n  c i rcumstances t h e  p r o t e c t i v e  o x i d e  cou ld  be c h e m i c a l l y  reduced by t h e  
hydrogen i n  t h e  engine. Some oxygen i s  r e q u i r e d  i n  t h e  hydrogen t o  p reven t  
r e d u c t i o n .  E v e n t u a l l y ,  a l l  t h e  oxygen i n  t h e  hydrogen gas - whatever I t s  
source - shows up as water .  T h i s  I s  t h e  r e s u l t  o f  hydrogen reduc ing  t h e  CO, 
C02, o r  t h e  p r o t e c t i v e  i n n e r  sur face ox ides .  T h i s  water  can condense i n  t h e  
engine system under t h e  r i g h t  c o n d i t i o n s .  I f  t h e  c o n c e n t r a t i o n  o f  water  vapor 
i s  reduced t o  a low enough l e v e l ,  the hydrogen can c h e m i c a l l y  reduce t h e  o x i d e  
c o a t i n g ,  r e s u l t i n g  i n  an i n c r e a s e  i n  p e r m e a b i l i t y .  Th i s  work was done t o  
d e f i n e  t h e  minimum water con ten t  r e q u i r e d  t o  a v o i d  t h i s  r e d u c t i o n  i n  t h e  ox ide  
c o a t i n g .  The r e s u l t s  o f  t h i s  t e s t i n g  show t h a t  a minimum o f  app rox ima te l y  
750 ppm water  i s  r e q u i r e d  t o  prevent  an i n c r e a s e  i n  p e r m e a b i l i t y  o f  CG-27, a 
h i g h  temperature me ta l  a l l o y  se lected f o r  S t i r l i n g  engine h e a t e r  tubes.  

INTRODUCTION 

Work has been done on h i g h  temperature a l l o y s  by NASA Lewis Research 
Center and i t s  c o n t r a c t o r s  as p a r t  of  t h e  U.S. Department o f  Energy S t i r l l n g  
engine development program. One aspect o f  t h i s  work has been t o  i n v e s t i g a t e  
t h e  phenomenon o f  hydrogen p e r m e a b i l i t y  and t o  develop techniques f o r  reduc ing  
i t  t o  an acceptable l e v e l  f o r  S t i r l i n g  engine o p e r a t i o n .  

Hydrogen permeat ion i n  a S t i r l i n g  engine occurs i n  t h e  h e a t e r  head which 
may range i n  temperature f rom 700 t o  900 "C.  Hydrogen permeat ion i s  t h e  phenom- 
enon o f  t h e  hydrogen work ing f l u i d  d i f f u s i n g  th rough  t h e  hea te r  head m a t e r i a l .  
T h i s  l o s s  o f  hydrogen by permeat ion th rough  t h e  hea te r  head i s  o n l y  one o f  t h e  
major  l e a k  paths,  t h e  o t h e r  b e i n g  leakage a t  s t a t i c  and dynamic sea ls .  A l l  o f  
these must be min imized i f  t h e  S t i r l i n g  engine i s  t o  c o n t a i n  i t s  wo rk ing  f l u i d .  
F a i l u r e  t o  c o n t a i n  t h e  hydrogen w i l l  mean t h a t  t h e  eriglne w i l l  s u f f e r  f rom l o s s  
o f  power and w i l l  need t o  be recharged f r e q u e n t l y .  

A method c a l l e d  doping developed a t  t h e  NASA Lewis can reduce p e r m e a b i l i t y  
by an o r d e r  of magnitude o r  more ( r e f .  1 ) .  
oxygen b e a r i n g  gases t o  t h e  hydrogen which r e s u l t s  i n  t h e  forrnat!on of an 
impermeable o x i d e  l a y e r  on t h e  i n s l d e  o f  t h e  h e a t e r  head tubes. 
engine t e s t i n g  i t  was n o t i c e d  t h a t  wa te r  had condensed i n  t h e  area o f  t h e  

T h i s  method c o n s i s t s  o f  adding 

Dur ing  l a t e r  



engine c o o l e r  ( r e f .  2 ) .  Th is  condensat ion showed t h a t  t h e  S t i r l i n g  engine was 
capable o f  removing oxygen f rom i t s  work ing  f l u i d  I n  t h e  fo rm o f  water .  Th is  
removal o f  oxygen i m p l i e s  t h e  p o s s i b i l i t y  o f  reduc ing  t h e  i n n e r  su r face  ox ide  
and thus removing i t  o r  i n c r e a s i n g  i t s  p o r o s i t y ,  thereby  i n c r e a s i n g  permeat ion 
o f  hydrogen through t h e  hea te r  head tubes. 

The purpose o f  these exper iments was t o  de termine t h e  minimum concent ra -  
t i o n  o f  oxygen t h a t  i s  r e q u i r e d  t o  m a i n t a i n  t h e  o x i d e  coverage needed f o r  
s t a b l e  low p e r m e a b i l i t y .  
1 pe rcen t  C02 (by volume) doped H2 t o  b r i n g  p e r m e a b i l i t y  down t o  a minimum 
va lue ,  were placed i n  an o i l  f i r e d  fu rnace.  These modules were then  f i l l e d  
w i t h  hydrogen having oxygen conten ts  between 0 and 2,000 ppm. 
c a l l y  operated f o r  20 5-hr c y c l e s .  The modules were vented, evacuated, and 
r e f i l l e d  between each c y c l e .  P e r m e a b i l i t y  was c a l c u l a t e d  f rom t h e  pressure  
d e c l i n e  t h a t  was observed f o r  each module. The f i n a l  r e s u l t s  a r e  shown I n  
terms o f  p e r m e a b i l i t y  as a f u n c t i o n  o f  water  c o n t e n t .  

Tes t  modules t h a t  had been p r e v i o u s l y  o x i d i z e d  u s i n g  

They were t y p i -  

EQUIPMENT AND PROCEDURES 

Mater i a 1 s 

The m a t e r i a l  used i n  t h i s  t e s t i n g  was CG-27. Th is  m a t e r i a l  i s  an i r o n -  
n i c k e l  based a l l o y  and was se lec ted  as a S t i r l i n g  engine hea te r  head m a t e r i a l  
because o f  I t s  l o w  s t r a t e g i c  m a t e r i a l  con ten t ,  h i g h  tempera ture  creep s t r e n g t h  
( r e f .  3) and low p e r m e a b i l i t y  w i t h  doped hydrogen ( r e f .  4 ) .  The nominal com- 
p o s i t i o n  i s  38 percent  n i c k e l ,  13 pe rcen t  chrome, 5 . 7 5  percen t  molybdenum, 
1 .6  percent  aluminum, 2.5 pe rcen t  t i t a n i u m ,  0.7 pe rcen t  columbium, 0.05 percent  
carbon, 0.01 percent  boron, and t h e  balance I r o n .  

The m a t e r i a l  was t e s t e d  I n  t h e  fo rm of seamless t u b i n g  w i t h  an o u t s i d e  
d iameter  o f  4.5 mm and a w a l l  t h i ckness  o f  0.8 mm. The t u b i n g  was heat  t r e a t e d  
I n  a vacuum furnace p r i o r  t o  t e s t l n g .  Th is  heat  t rea tmen t  r e s u l t e d  i n  t h e  f o r -  
ma t ion  o f  a tough, adherent  ox ide  on t h e  su r face  o f  t h e  m a t e r i a l .  The t u b i n g  
s t i l l  r e q u i r e d  a d d i t i o n a l  c o n d i t i o n i n g  i n  t h e  r i g  w i t h  1 pe rcen t  C02 (by  
volume) doped hydrogen t o  ach ieve  t h e  d e s i r e d  low p e r m e a b i l i t y .  The tempera- 
t u r e s  and t imes a t  temperature a r e  as f o l l o w s :  

1. 1500 "C, h e l d  f o r  10 min then fu rnace  coo led  t o  
2. 790 "C, he ld  f o r  16 h r  then fu rnace coo led  t o  
3. 650 " C ,  he ld  f o r  24 h r  then 
4. f u rnace  cooled. 

S i  mu 1 a t  o r  R i  g 

F igu re  1 shows a schematic o f  t h e  s i m u l a t o r  r i g  t h a t  was used f o r  t h i s  
t e s t  program. This r i g  was used I n  p rev ious  p e r m e a b i l i t y  and endurance t e s t s  
o f  cand ida te  S t i r l i n g  engine hea te r  head m a t e r i a l s  ( r e f s .  1 and 3 t o  6 ) .  The 
t e s t  r i g  i s  b a s i c a l l y  a t e m p e r a t u r e - c o n t r o l l e d  o i l - f i r e d  fu rnace  w i t h  p r o v i -  
s lons  f o r  i n s e r t i n g  up t o  12  t e s t  modules. The h o t  combustion gases pass over 
t h e  tube se ts  causing t h e  f o r m a t i o n  of an ox ide  on the  o u t s i d e  s u r f a c e  o f  t h e  
t u b i n g  m a t e r i a l .  
p e r m e a b i l i t y  f o r  t he  m a t e r i a l  ( r e f .  6 ) .  The o u t s i d e  ox ide ,  w i t h o u t  t h e  i n s i d e  
ox ide ,  i s  i n s u f f i c i e n t  t o  reduce p e r m e a b i l i t y  t o  a low enough l e v e l  f o r  use i n  

The presence o f  t h i s  ox ide  r e s u l t s  i n  a lower c a l c u l a t e d  
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an au tomot i ve  S t i r l i n g  engine ( r e f s .  1 and 6 ) .  A t e s t  module c o n s i s t s  o f  f o u r  
u-shaped h a l r p i n  tubes, each w i t h  a h a l f  l e n g t h  o f  30.5 cm, a s t a i n l e s s  s t e e l  
s t r a i n  gage p ressu re  t ransducer ,  t w o  va lves,  and a copper m a n i f o l d  b l o c k .  The 
h a i r p i n s  and va l ves  were a t tached  t o  t h e  m a n i f o l d  b l o c k  w i t h  compression 
f i t t i n g s .  
was a l s o  a t tached  w i t h  compression f i t t i n g s .  
m a n i f o l d  b l o c k  was s i t u a t e d  on water cooled copper p l a t e s  w i t h  t h e  temperature 
r e g u l a t e d  t o  82 "C.  A l l  t e s t  modules were bubble t i g h t  l e a k  checked p r i o r  t o  
i n s e r t i o n  i n t o  t h e  r i g .  A d d i t i o n a l  l eak  t e s t s  were p e r i o d i c a l l y  performed 
d u r i n g  t h e  course o f  t h e  t e s t  program. These p e r i o d i c  l e a k  checks were t y p i -  
c a l l y  done by m o n i t o r i n g  t h e  ove rn igh t  leakage w i t h  h i g h  p ressu re  gas w h i l e  
t h e  modules were s t i l l  i n  t h e  r i g .  Any module t h a t  was found t o  be l e a k i n g  
was then  se rv i ced .  

The p ressu re  t ransducer  was mounted on a water  cooled b l o c k  which 
When i n s e r t e d  i n t o  t h e  r i g  t h e  

Procedures 

A l l  modules were i n i t i a l l y  o x i d i z e d  by o p e r a t i n g  f o r  20 c y c l e s  o f  5 h r  
each w i t h  1 pe rcen t  C02 ( b y  volume) doped hydrogen s o  t h a t  t hey  would be a t  a 
s t a b l e  low p e r m e a b i l i t y .  
reduced as t h e  i n n e r  o x i d e  i s  b L l l t  up. 

F i g u r e  2 shows how t h e  r a t e  o f  p ressu re  d e c l i n e  i s  

A t e s t  w i t h  a s p e c i f i c  gas t y p i c a l l y  c o n s i s t e d  o f  twenty 5-hr c y c l e s  a t  a 
nominal  temperature o f  760 "C. Tests were r u n  a t  nominal pressures o f  3.4, 
6.2, and 13.1 MPa. A s p e c i f i c  purge and f i l l  procedure was used p r i o r  t o  each 
t e s t .  
t h r e e  f i l l s  and evacuat ions w i t h  argon, f o l l o w e d  by two f i l l s  and evacuat ions 
w i t h  low p ressu re  hydrogen. Fo l l ow ing  t h e  low p ressu re  argon and hydrogen 
purges t h e  modules were f i l l e d  w i t h  t h e  doped hydrogen b e i n g  t e s t e d .  
t i o n s  o f  t h e  doped hydrogen arc? g iven i n  t a b l e  I. A f t e r  f i l l i n g  w i t h  h i g h  
p ressu re  hydrogen, t h e  h e a t j n g  c y c l e  was s t a r t e d .  The i n i t i a l  p ressu re  
measurement f o r  permeat ion c a l c u l a t i o n s  was taken 24 m in  a f t e r  t h e  success fu l  
s t a r t ,  and t h e  f i n a l  p ressu re  5 h r  a f t e r  t h e  s t a r t .  Transducer d r i f t  was 
measured a t  t h e  end o f  t h e  r u n  and was taken i n t o  account when c a l c u l a t i n g  
p e r m e a b i l i t y .  Each module was a l s o  evacuated a t  t h e  end o f  each low l e v e l  
dopant r u n  a f t e r  i t  had coo led  down t o  between 50 and 80 "C. 
c a l c u l a t e d  f rom t h e  r a t e  o f  pressure decay a t  cons tan t  temperature u s i n g  t h e  
techn ique  desc r ibed  i n  r e f e r e n c e  1 .  

Th is  procedure c o n s i s t e d  o f  i n e r t i n g  t h e  con ten ts  o f  each module w i t h  

Composi- 

P e r m e a b i l i t y  was 

An e r r o r  a n a l y s i s  was performed t o  determine t h e  accuracy o f  t h e  ca l cu -  
l a t e d  p e r m e a b i l i t y .  Any e r r o r  i n  the measurement o f  t h e  i n l t a l  pressure,  t h e  
f i n a l  pressure,  o r  t h e  p ressu re  change would r e s u l t  i n  some e r r o r  i n  t h e  
c a l c u l a t e d  p e r m e a b i l i t  I n  general ,  t h i s  e r r o r  band was found t o  be about 
- + 0 . 2 5 ~ 1 0 - ~  cm2/sec MPag:5. The s i z e  o f  t h e  e r r o r  band does va ry  w i t h  p ressu re  
l e v e l ,  however t h i s  va lue  represents  t h e  average s i z e  o f  t h e  e r r o r  band. 

BACKGROUND ANALYSIS . 
Hydrogen p e r m e a b i l i t y  i n  a S t i r l i n g  engine i s  t h e  phenomenon o f  t h e  hydro-  

gen d i f f u s i n g  th rough  t h e  engine heater  head. E a r l y  t e s t i n g  showed permeabi l -  
i t i e s  o f  4 t o  20x10-6 crnZ/sec MPaO.5 when t e s t  specimens were operated w i t h  
h i g h  p u r i t y  hydrogen i n  an o i l  f i r e d  fu rnace  ( r e f s .  1 and 5 ) .  T h i s  showed t h e  
need t o  develop a rnethnd t o  reduce t h e  l o s s  o f  hydrogen due t o  permeat ion.  
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T e s t i n g  showed t h a t  i f  an o x i d e  l a y e r  was formed on t h e  i n s i d e  su r face  o f  
t h e  hea te r  head m a t e r i a l ,  p e r m e a b i l i t y  c o u l d  be reduced by an o r d e r  o f  magni- 
t ude  o r  more ( r e f s .  1 and 6 ) .  T h i s  ox ide  l a y e r  can be formed by t h e  a d d i t i o n  
o f  an oxygen bear ing  gas t o  t h e  hydrogen. Concen t ra t i ons  o f  0.5 t o  1 p e r c e n t  
CO o r  C02 (by  volume) were e f f e c t i v e  ( r e f s .  1, 4, and 6 ) .  
r e a c t i o n  f o r  forming t h i s  o x i d e  i s  shown below. 

The o v e r a l l  

CO t H2 t Metal  = Me ta l  Oxide t H20 t H2 + CH4 

o r  

C02 t H2 t Metal  = Meta l  Oxide t H20 t H2 t CH4 

It i s  be l i eved  t h a t  t h e  water  t h a t  i s  formed p l a y s  an i m p o r t a n t  r o l e  
because i t  t o o  i s  an oxygen b e a r i n g  gas. Th is  r e a c t i o n  i s  shown below. 

H20 t Metal  = Me ta l  Oxide t H2 

The o x i d e  t h a t  was formed t y p i c a l l y  had a t h i c k n e s s  o f  1 t o  3 pm, and had 
c a l c u l a t e d  p e r m e a b i l i t i e s  t h a t  a r e  f o u r  t o  f i v e  t imes  lower  i n  o r d e r  o f  mag- 
n i t u d e  than  t h e  bu lk  p e r m e a b i l i t y  or t h e  m a t e r i a l  w i t h o u t  t h e  i n n e r  o x i d e  
( r e f s .  1 and 6 ) .  The CO o r  C02 dopant breaks down i n  t h e  presence o f  h i g h  
temperature hydrogen t o  f o r m  water  and methane. 
and t h e o r e t i c a l  r e s u l t s  f o r  t h e  breakdown o f  C02 I n  h i g h  temperature hydro-  
gen. The t h e o r e t i c a l  r e s u l t s  were ob ta ined  u s i n g  a k i n e t i c s  code desc r ibed  i n  
r e f e r e n c e  7 and a re  shown by t h e  s o l i d  and d o t t e d  l i n e s ,  w i t h  t h e  s o l i d  l i n e  
showing t h e  f o r m a t i o n  o f  water  and t h e  i n t e r m e d i a t e  f o r m a t i o n  o f  CO. The 
d o t t e d  l i n e s  show t h e  l o s s  o f  C02 and t h e  f o r m a t i o n  o f  CH4. 
r e t i c a l  r e s u l t s  show t h a t  t h e  breakdown o f  C02 i s  a two s t e p  process, t h e  
f i r s t  s t e p  be ing  the f o r m a t i o n  o f  water and CO.  T h i s  f i r s t  s t e p  i s  very  f a s t ,  
be ing  w e l l  under way i n  17 min.  
C O  t o  f o r m  methane and more water .  T h e o r e t i c a l  k i n e t i c s  show t h a t  t h i s  f i n a l  
s t e p  should be very slow, n o t  be ing  complete f o r  seve ra l  months. 

F i g u r e  3 shows exper imen ta l  

These theo- 

The second s t e p  i n  t h e  breakdown i s  f o r  t h e  

The breakdown o f  1 pe rcen t  C02 (by volume) i s  shown below. 

Step 1 
Step 2 

C02 t 99 H2 = C O  t H20 t 98 H2 
CO + H20 t 98 H2 = CH4 t 2 H20 t 95 H2 

O v e r a l l  React1 on 

C02 t 99 H2 = CH4 t 2 H20 t 95 H2 

Exper imenta l  r e s u l t s  f r o m  r i g  and engine t e s t s  showed h i g h  l e v e l s  o f  meth- 
ane a f t e r  a ve ry  s h o r t  p e r i o d  o f  t ime.  
T h i s  methane would n o t  have occu r red  unless b o t h  s teps 1 and 2 occur  much more 
r a p i d l y  than  p r e d i c t e d .  
oxygen b e a r i n g  gas i n s i d e  t h e  engine and t h a t  i t  i s  r a p i d l y  formed. 

These p o i n t s  a r e  shown on f i g u r e  3. 

Th is  suggests t h a t  t h e  water  formed i s  t h e  u l t i m a t e  

. 
The t y p i c a l  S t i r l i n g  engine system s h u t t l e s  hydrogen between seve ra l  

d i s t i n c t  volumes. Three of t h e  major  volumes o f  i n t e r e s t  a re :  

1. The heater  head which w i l l  have meta l  temperatures o f  700 t o  900 O C ,  

and i s  where t h e  l oss  o f  hydrogen by permeat ion takes  p lace,  
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2. The engine c o o l e r  and regenerator  w i t h  t h e  c o o l e r  o p e r a t i n g  a t  a nomi- 
n a l  50 O C ,  and 

3. The hydrogen s to rage  b o t t l e  which n o r m a l l y  operates a t  ambient 
temperature.  

I t  should be p o i n t e d  o u t  t h a t  t h e  t e s t  r i g ,  which i s  desc r ibed  l a t e r ,  i s  a 
s t a t i c  r i g  t h a t  s imu la tes  o n l y  t h e  heater  head r e g i o n  o f  t h e  engine. I t  does 
n o t  p r o v i d e  f o r  any mass f l o w s  t o  and f r o m  lower  temperature reg ions  t h a t  would 
occur  I n  an a c t u a l  engine. I t  i s  because o f  t h i s  l a c k  o f  mass f l ows  i n  t h e  
s i m u l a t o r  r i g  t h a t  t h e  e f f e c t  t h a t  water can have on hydrogen p e r m e a b i l i t y  was 
n o t  observed u n t i l  l a t e r  t e s t i n g .  

T e s t i n g  a t  NASA Lewis and a t  Uni ted S t i r l i n g  I n  Sweden o f  a P-40 engine 
w i t h  1 pe rcen t  C02 (by volume) has shown t h a t  water  can condense i n  t h e  engine 
c o o l e r  and regenera to r  ( r e f .  2 ) .  This condensat ion o f  water,  coupled w i t h  t h e  
r a p i d  breakdown o f  t h e  CO o r  C02 o r i g i n a l l y  i n  t h e  hydrogen, p rov ides  a mecha- 
nism t o  remove most o f  t h e  oxygen bear ing  gas f r o m  t h e  engine. The c o n t e n t  o f  
t h e  oxygen b e a r i n g  gas w i l l  then be determined by t h e  lowest  temperature t h a t  
t h e  hydrogen work ing  f l u i d  i s  exposed t o .  

When t h e  con ten t  o f  t h e  oxygen b e a r i n g  gas I s  lowered t o  a low enough 
l e v e l  by condensat ion,  t h e  r e s u l t i n g  d r y  hydrogen can c h e m i c a l l y  reduce t h e  
h e a t e r  tube i n n e r  ox ide,  which again can condense on t h e  l ow  temperature sur-  
faces i n  t h e  engine system. Th is  process o f  c h e m i c a l l y  reduc ing  t h e  o x i d e  and 
condensing o f  t h e  water  can cont inue u n t i l  t h e  h e a t e r  head o f  t h e  engine i s  i n  
an unox ld l zed ,  h i g h  p e r m e a b i l i t y  s t a t e .  

RESULIS AND DISCUSSION 

Tubes which had been p r e v i o u s l y  f u l l y  o x i d i z e d  by l o n g  t e r m  exposure t o  
hydrogen w i t h  1 pe rcen t  C02 (by  volume) were exposed t o  a v a r i e t y  o f  hydrogen 
m i x t u r e s  f o r  up t o  20 c y c l e s  o f  5 hr  each. The m i x t u r e s  ( t a b l e  I )  con ta ined  
n o m i n a l l y  0, 265, 380, 530, 750, 1,500 ppm C O  and 500 ppm C02. P e r m e a b i l i t y  
was c a l c u l a t e d  f rom t h e  r a t e  o f  pressure decay f o r  each c y c l e .  The da ta  
ob ta ined ,  i n  terms o f  p e r m e a b i l i t y  versus number o f  c y c l e  exposure, i s  shown 
i n  f i g u r e s  4 t o  11. The r e s u l t s  are summarized I n  f i g u r e  

High P u r i t y  Hydrogen 

F i g u r e  4 shows p e r m e a b i l i t y  versus c y c l e s  f o r  t e s t i n g  
h i g h  p u r i t y  hydrogen. A l l  t h r e e  modules showed lnc reases  
Ac tua l  p e r m e a b i l i t i e s  f o r  m a t e r i a l  I n  a t o t a l l y  deox id i zed  

2. 

t h a t  was done w i t h  
n p e r m e a b i l i t y .  
s t a t e  would be 

expected t o  be h i g h e r .  
MPaO-5. 

The h ighes t  p e r m e a b i l i t y  observed was 3 . 5 ~ 1 0 - 6  cm2/sec 

265 ppm CO 

265 ppm C O  was used t o  p rov ide  a d e r i v e d  water  con ten t  o f  265 ppm. A l l  
modules t e s t e d  a t  t h i s  c o n c e n t r a t i o n  showed s i g n i f i c a n t  i nc reases  i n  permeabi l -  
i t y ,  w i t h  t h e  h i g h e s t  t h a t  was observed be ing  2 . 3 ~ 1 0 - 6  cm2/sec MPaO-5. 
r e s u l t s  f o r  t h i s  c o n c e n t r a t i o n  a re  shown i n  f i g u r e  5. 

The 
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380 ppm CO 

380 ppm CO was used t o  p r o v i d e  a water  c o n c e n t r a t i o n  o f  380 ppm, w i t h  t h e  
r e s u l t s  shown i n  f i g u r e  6. These modules d i d  n o t  e x h i b i t  any d e o x i d a t i o n .  
T h l s  c o n c e n t r a t i o n  d i f f e r s  f r o m  t h e  n e x t  h i g h e r  t e s t e d  by hav ing  a dew p o i n t  
app rox ima te l y  12 " C  lower.  

530 ppm CO 

530 ppm CO was used t o  p r o v i d e  a water  c o n c e n t r a t i o n  o f  530 ppm. Two o f  
t h e  t h r e e  modules t e s t e d  a t  t h i s  water  con ten t  showed s i g n i f i c a n t  d e o x i d a t i o n  
w i t h  t h e  h i g h e s t  observed be ing  1 . 7 ~ 1 0 - 6  cm2/sec MPa0e5. 
p l o t t e d  i n  f i g u r e  7 .  

These r e s u l t s  a r e  

750 ppm CO 

A l l  p e r m e a b i l i t i e s  a t  t h i s  t o t a l  oxygen l e v e l  remained s t a b l e  and low, and 
a r e  p l o t t e d  i n  f i g u r e  8.  

500 ppm C02 

500 ppm C02 was used t o  p r o v i d e  a water c o n c e n t r a t i o n  o f  1000 ppm. 
tube  se ts  remained a t  s t a b l e  low p e r m e a b i l i t y .  One module gave what i s  
b e l i e v e d  t o  be anomalous da ta .  This  o u t l i e r  i s  n o t  shown i n  f i g u r e  12, which 
shows p e r m e a b i l i t y  as a f u n c t i o n  o f  water  con ten t .  P o s s i b l e  causes i n c l u d e  
p ressu re  t ransducer  problems o r  t h a t  t h e  module and f i t t i n g s  would l eak  when 
h o t .  I t  should be s a f e  t o  d i s r e g a r d  t h i s  da ta  due t o  t h e  h i g h  p e r m e a b i l i t y  
d u r i n g  t h e  f i r s t  5-hr c y c l e ,  which i s  a c y c l e  d u r i n g  which l i t t l e  change i n  
p e r m e a b i l i t y  would be expected. Th is  da ta  i s  presented I n  f i g u r e  9.  

Two 

1500 ppm C O  and Higher  Dopant Concentrat  on s 

I 

A l l  d a t a  taken a t  1500 and 2000 ppm C O  showed s t a b l e  ow p e r m e a b i l i t y .  
Dopant l e v e l s  above 2000 ppm t o t a l  oxygen were n o t  used as a p a r t  o f  t h i s  
s tudy,  except f o r  1 pe rcen t  C02 (by  volume) which was used t o  f o r m  t h e  i n l -  
t i a l  ox ide  l a y e r .  Prev ious work by M isenc lk  has shown t h a t  c o n c e n t r a t i o n s  o f  
5000 and 10 000 ppm CO a r e  n o t  o n l y  e f f e c t i v e  a t  m a i n t a i n i n g  a s t a b l e  ox ide  
and low  p e r m e a b i l i t y ,  they a r e  a l s o  e f f e c t i v e  a t  f o rm ing  t h e  i n i t i a l  low pe r -  
m e a b i l i t y  o x i d e  ( r e f .  5 ) .  
f i g u r e s  10 and 11. 

The da ta  f o r  1500 and 2000 ppm C O  I s  presented i n  

P e r m e a b i l i t y  Versus Water Content 

F i g u r e  12 combines t h e  r e s u l t s  of t h e  p reced ing  e i g h t  f i g u r e s  i n t o  a p l o t  
Data o f  p e r m e a b i l i t y  as a f u n c t i o n  o f  d e r i v e d  o r  e q u i v a l e n t  water  c o n t e n t .  

f r o m  a p rev ious  program ( r e f .  5 )  i s  a l s o  i n c l u d e d  and i s  c o n s l s t e n t  w i t h  t h e  
r e s u l t s  o f  t h i s  I n v e s t i g a t i o n .  
a f f e c t e d  i f  t h e  water c o n t e n t  ( e q u i v a l e n t  t o t a l  oxygen) i s  g r e a t e r  t h a n  about 
750 ppm. The in fe rence  we draw from t h i s  i s  t h a t  t h e  p r o t e c t i v e  o x i d e  on t h e  
i n n e r  s u r f a c e  of t h e  tubes I s  n o t  reduced o r  a l t e r e d  i f  t h e  water c o n t e n t  of 

I t  would appear t h a t  p e r m e a b i l i t y  i s  n o t  a t  a l l  
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t h e  hydrogen i s  s u f f i c i e n t  t o  m a i n t a i n  t h e  e q u i l i b r i u m  p r e v i o u s l y  discussed. 
A t  l ower  va lues o f  water  con ten t ,  p e r m e a b i l i t y  i s  a f f e c t e d .  From t h i s  we i n f e r  
t h a t  t h e  e q u i l i b r i u m  i s  upset  and t h a t  t h e  o x i d e  l a y e r  i s  ac ted  upon by t h e  
d r i e r  hydrogen. A l though t h e  exac t  boundary l i n e  between e q u i l i b r i u m  and non- 
e q u i l i b r i u m  i s  n o t  c l e a r ,  i t  i s  ev iden t  t h a t  t h e  ox ide  l a y e r  i s  s u s c e p t i b l e  t o  
a l t e r a t i o n  if t h e  e q u i v a l e n t  water content  i s  below 750 ppm. 

Metal lography 

O p t i c a l ,  and scanning e l e c t r o n  micrographs were taken  o f  t h e  tube  samples 
t h a t  were operated w i t h  h i g h  p u r i t y ,  and doped hydrogen (380 and 750 ppm CO) 
and a r e  shown i n  f i g u r e s  13 and 14. Schoun and M i s e n c i k ' s  work on o x i d e  f i l m s  
( r e f .  6) and t h i s  s tudy show t h a t  p e r m e a b i l i t y  can vary s i g n i f i c a n t l y  even 
though t h e  genera l  appearance o f  t h e  ox ide  remains unchanged. This  suggests 
t h a t  an i n c r e a s e  i n  o x i d e  p o r o s i t y  i s  t h e  f i r s t  response o f  t h e  o x i d e  b e i n g  
operated i n  hydrogen hav ing  low water o r  t o t a l  oxygen con ten ts .  

The o p t i c a l  micrographs t h a t  were taken  show d e f i n i t e  p e n e t r a t i o n  o f  t h e  
o x i d e  i n t o  t h e  base me ta l .  T h i s  pene t ra ted  o x i d e  cou ld  a c t  as a source o f  
oxygen when t h e  m a t e r i a l  i s  operaZed w i t h  hydrogen hav lng  low water  con ten t .  
On t h e  o t h e r  hand, t h e  subsurface oxide may be more r e s i s t a n t  t o  r e d u c t i o n .  
T h i s  c o u l d  cause a permanent r e d u c t i o n  i n  p e r m e a b i l i t y  f o r  t h e  CG-27 tubes. 
The d a t a  ob ta ined  w i t h  h i g h  p u r i t y  hydrogen appears t o  i n d i c a t e  t h i s  s o r t  o f  
phenomenon may be p resen t .  The apparen t l y  anomalous da ta  a t  380 ppm may a l s o  
be t h e  r e s u l t  o f  such an e f f e c t .  

CONCLUDING REMARKS 

T e s t i n g  has shown t h a t  750 ppm o r  more o f  water  i s  e f f e c t i v e  i n  main- 
t a i n i n g  s t a b l e ,  low p e r m e a b i l i t y  I n  CG-27. T e s t l n g  w i t h  lower  t o t a l  oxygen 
con ten ts  o f  0, 265, 380, and 530 pprn e q u i v a l e n t  water i n d i c a t e s  t h a t  r e s i s t -  
ance t o  permeat ion cannot be r e l i a b l y  ma in ta ined  a t  these lower  l e v e l s .  The 
apparent  mechanism causing t h i s  i s  the e q u i l i b r i u m  between hydrogen, water  ( o r  
oxygen b e a r i n g  gas) ,  meta l  ox ide,  and t h e  me ta l  b e i n g  t i p p e d  towards t h e  reduc- 
t i o n  o f  t h e  o x i d e  and g e n e r a t i o n  o f  water.  As t h e  o x i d e  i s  c h e m i c a l l y  reduced, 
permeat ion i nc reases  u n t i l  a new e q u i l i b r i u m  i s  aga in  e s t a b l i s h e d .  I f  a mecha- 
nism e x i s t s  f o r  condensing t h e  r e s u l t i n g  wa te r ,  r e d u c t i o n  may c o n t i n u e  u n t i l  
a l l  t h e  o x i d e  i s  consumed. 

I n  an automot ive S t i r l i n g  engine, t h e  minimum temperature d u r i n g  opera- 
t i o n  i s  such t h a t  app rox lma te l y  1000 ppm o f  water  vapor can be ma in ta ined .  
Any water  t h a t  condensed when t h e  engine i s  n o t  r u n n i n g  and exposed t o  c o l d  
ambient temperatures would be evaporated d u r i n g  o p e r a t i o n  and should be e f f e c -  
t i v e  i n  m a i n t a i n i n g  t h e  ox ide  c o a t i n g  and a t t e n d a n t  l ow  permeat ion.  However, 
a t y p i c a l  engine system c o n t a i n s  a hydrogen s to rage  r e s e r v o i r  as p a r t  o f  t h e  
c o n t r o l  system. Here, water  c o u l d  condense and n o t  r e t u r n  t o  t h e  engine 
p r c p e r .  F i g u r e  1 5  shows the saturation c o n c e n t r a t f o n  o f  Ma te r  i n  t h e  eng ine ' s  
work ing  f l u i d  t h a t  would be determined by t h e  engine c o o l e r  and s to rage  b o t t l e  
temperature.  I f  t h e  water c o n c e n t r a t i o n  were t o  be determined by t h e  engine 
c o o l e r  temperature t h e  water  con ten t  would range between 1000 and 10 000 ppm. 
The wa te r  c o n c e n t r a t i o n ,  i f  determined by an ambient temperature s to rage  b o t t l e  
would g e n e r a l l y  be below 300 ppm and even below 10 ppm on a c o l d  day. I t  would 
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appear necessary t o  p r o v i d e  h e a t i n g  f o r  t h e  r e s e r v o i r  t o  assure  s u f f i c i e n t  
water  vapor I n  t h e  engine system under a l l  c o n d i t i o n s .  
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TABLE I .  - C O M P O S I T I O N  OF HYDROGEN 

USED IN TESTING 

4 
8 
9 
9 

<3 
<3 
<3 
120 

[Concentrat ions i n  ppm unless o the rw ise  
noted.  Percentages a r e  on a volume 
b a s i s .  
performed by gas chromatagraphy. H20 
a n a l y s i s  performed w i t h  a CO2 coo led  
dewpointer . ]  

02, C02, N2. CH4. and C02 a n a l y s i s  

3 
270 601 
356 611 
531 544 
751 509 
< l o  15 

1386 21 

Vendor 
ana l  ys i s 

<1 
<2 

<2 
<2 
<2 
<2 

H igh  p u r i t y  
High p u r i t y  
265 ppm CO 
380 ppm CO 
530 ppm CO 
753 ppm CO 
500 ppm C02 
1500 ppm CO 
1% co2 

<2 
<2 44 
<2 
<2 51 
<2 92 

492 <8 
22 <8 

1.03% <50 

NASA a n a l y s i s  



S t a r t  End Hydrogen 

Pressure, 
MPa 

11.82 10.44 

11 .27 7.07 
11.09 5.17 
10.58 5.96 
12.37 4.86 

- - - - - - - - - - 

p e r m e a b l l l t y  
c o e f f l c l e n t ,  

'p. 
cm2/sec MPaO. 5 

0 . 5 5 ~ 1 0 - ~  

1 . 8 5 ~ 1 0 - 6  
2 . 8 1 ~ 1 0 - 6  
2 . 4 7 ~ 1 0 - 6  
3 . 4 8 ~ 1 0 - 6  

- - - - - - - - 

1 
5 

10  
15 
20 

13.7 12 0.61x10-6 
13.3 11.6 . 6x1 0-6 
13.3 10.6 1 x l 0 - 6  
13.5 11 .97xIO-6 
13.89 11 1 .06x10-6 

3.96 
3.58 
3.58 
- - - - 

3.31 
2.64 
2.64 
- - - - 

TABLE 11. - PRESSURE DECAY DATA AN0 CALCULATED PERMEABILITY COEFFICIENT 
FOR SELECTED 5 HOUR CYCLES 

( a )  Tes t  modules f l l l e d  w t t h  h l g h  p u r l t y  hydrogen 
- 
Cycle 

- 
1 
5 

10 
15 
20 
25 

Module 10  Module 2 Module 1 
I I 

Hydrogen 
p e r m e a b l l l t y  
c o e f f l c l e n t .  

'p. 

cm2/sec MPa0.5 

Hydrogen 
p e r m e a b l l l t y  
c o e f f l c l e n t ,  

cp, 
cm2/sec MPaO. 5 

0 . 3 0 ~ 1 0 - ~  

.6OxlO-b 
1 . 4 7 ~ 1 0 - 6  
1 . 3 2 ~ 1 0 - 6  
1 .35x10-6 

- - - - - - - - - 

Pressure,  
MPa 

Pressure,  
MPa 

3.34 2.94 

3.19 2.43 
3.29 1.60 
3.39 1.96 I 3.13 1.35 

- - - - - - - - 
12.61 

12.10 
12.58 
11.96 
12.48 

----- 
10.57 

9.27 
10.37 
10.41 

9.55 

_ - -__  

I I 

( b )  Tes t  modules f l l l e d  w l t h  265 ppm C O  

Cyc le  1 Module 8 I Module 12  Module 1 

p e r m e a b l l l t y  
Hydrogen I S t a r t 1  End I Hydrogen 

p e r m e a b l l i t y  p e r m e a b l l l t y  
c o e f f l c j e n t .  Pressure. c o e f f l c i e n t .  

13.3 
12.2 
12.1 
12.6 
13.3 

9.75 
6.8 
6.4 
8.1 
8.51 

1.16x10-6 

1 .15x10-6 

1 .62x10-6 

1 . 9 9 ~ 1  0-6 

1 . 5 7 ~ 1 0 - 6  

0 . 4 5 ~ 1  0-6 
. 7 1 ~ 1 0 - 6  
.71 x l0 -6  

( c )  Tes t  modules f l l l e d  w l t h  380 ppm C O  
~~~ 

Module 8 Module 9 Module 11 

p e r m e a b l l l t y  
Pressure,  c o e f f l c l e n t ,  IF Pressure,  

Hydrogen 
p e r m e a b l l l t y  
coe f  f I c l e n t ,  

'p, 

cmz/sec MPao.5 

S t a r t  I End{ Hydrogen 
p e r m e a b l l l t y  

Pressure.  c o e f f l c l e n t .  

S t a r t  I End 1 Hydrogen 
p e r m e a b l l l t y  

Pressure.  c o e f f t c l e n t .  

I I MPa 

11.55 

6.82 

6 
5.78 
5.93 

---_ 5.89 

5.24 
4.96 
5.34 

---- 
0 . 4 9 ~ 1 0 - 6  3.51 3.20 0 . 2 2 ~ 1 0 - 6  

3.39 2.89 .37x10-6 

3.43 3.13 .25x10-6 

- - - - - - - - - - - - - - - - - 

3.29 2.82 . 3 5 ~ 1 0 - 6  

11.58 

11 
----- 

9.89 
9.86 

t 



Start End Hydrogen 
- 

Pressure, 
M Pa 

3.67 2.99 
3.44 1.97 
3.13 1.56 - - - - - - - - 
- - - - - - - - 

permeability 
coeff icient. 

'p* 
cm2/sec MPao-5 

0.49~10-6 
1.19~10-6 
1.38~10-6 --- ------ 
- - - - - - - - - 

Cycle I Module 10 Module 5 Module 6 Module 12 

Module 6 

Start End Hydrogen 
permeabi 1 1  ty 

Pressure, coefficient, 

Module 3 

Start End Hydrogen 
- permeability 

Pressure, coefficient, 

13.5 
13.4 
10.9 
13.8 

12.4 
12.6 
10.2 
12.5 

0.40~10-~ 
.3OxlO-b 
.28xlO-b 
.39x10-6 

3.66 1.48 1.85~10-6 
3.50 1 .47 1 .75xlO-b 
3 1.34 1.51~10-6 _ _ _ _  __-- ---- ----- 

TABLE 11. - Continued. 

(d) Test modules filled with 530 ppm CO 

Module 1 1  Cyc 1 e Module 5 

permeabllity 
Start I End 

Pressure, 
MPa 

Hydrogen 
permeabllity 
coefficient, 

'p. 
cm2/sec MPao.5 

0.93~10-~ 
1 .62x10-6 
1.74~10-6 

1 .44x10-6 
1.41X10-6 

1 13.2 11.1 0.79~10-~ 
5 12.8 10.9 .75xlO-b 
10 13 10.8 .83x10-6 

20 13.5 11.5 .78xlO-b 
15 13.1 11.3 .68x10-6 

12.7 
12.4 
13.3 

(e) Test modules filled with 750 ppm CO 

Hydrogen 
permeabllity 
coefficient, 

crnz/sec MPaO - 5 c p ,  

permeability permeablli ty 
coefflclent, Pressure, 

cm2/sec MPao-5 

permeability 

I 
1 
5 
10 
1 5  
20 

O.lbxlO-b 3.76 2.79 

.40x10-6 3.53 2.10 

.40xlO-b 4.05 2.81 

.2€1x10-~ 3.45 2.38 

- - - - - - - - - - - - - - - - - 
12.65 10.96 1 12.65 111.13 I 12.79 111.17 

(f) Test modules filled with 530 ppm C02 

Hydrogen 
permeability 
coefflclent, 

IP. 
cm2/sec MPao-5 

I I I I 
0.50~10-~ 
.46x10-6 . 61 xl0-6 

- - - - - - - - - 



Module 7 Cycle 

- 
1 
5 
10 
15 
20 

1 Module 1 1  Module 8 Module 9 
I 

Hydrogen 
permeablllty 
coefficient. 

Start 1 End 

Pressure, 
MPa 

Start End Hydrogen Start End Hydrogen Start End Hydrogen 
. permeablllty permeabllity . permeabil i ty 

Pressure, coefflcient. Pressure, coefflclent. Pressure. coefflclent. 

6.51 
6.39 
6.29 
6.31 
6.72 

6.06 0.24~10-~ 
5.69 .38x10-6 
5.58 .38x10-6 
5.60 .38~10-6 
6.07 .34x10-6 

.21 xl0-6 
3.35 .21 xl0-6 

.21 xl0-6 

(h) Test modules filled wlth 2000 ppm CO 

Cycle I Module 5 I Module 6 I Module 12 I 
Hydrogen 1 Start I End 1 Hydrogen 1 Start I End I Hydrogen 

permeability permeabllity permeablllty 
coefficient. Pressure. coefficient. Pressure. Coefficient. 

5.96 
. 1 1 xl0-6 

3.17 
3.68 

3.44 
3.51 
3.38 
-_-- 
_-_-  
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FIGURE 1. - SCHEMATIC OF TEST R I G .  
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FIGURE 2. - TYPICAL PRESSURE DECAY CURVES FOR CG-27. NEW 

TUBES. 1% co2 BALANCE Hg, TEMPERATURE 820 OC. 
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FIGURE 3. - DOPED HYDROGEN K I N E T I C S :  PRESSURE 10.5 W A :  

TEMPERATURE 730 OC: 1% co2 BY VOLUME BALANCE H2. 
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FIGURE 4. - PERMEABILITY VERSUS NUMBER OF 5-HOUR CYCLES. 
HIGH PURITY HYDROGEN. 
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FIGURE 5. - PERMEABILITY VERSUS NUMBER OF 5-HOUX CYCLES. 
265 PPM H20 (DEBIVED FROM 265 PPM co) BALANCE H2. 
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FIGURE 6. - PERMEABIL ITY  VERSUS NUMBER OF 5-HR CYCLES. 
380 PPM H20 (DERIVED FllOM 380 PPM co) BALANCE H2. 
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FIGURE 7 .  - PERMEABIL ITY VERSUS NUMdER OF 5-HOUR CYCLES. 
530 PPM H20 (DERIVED FROM 530 PPM co) BALANCE H2. 
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FIGURE 8 .  - PERMEABIL ITY VERSUS NUMBER OF 5-HOUR CYCLES. 
750 PPM H20 (DERIVED FROM 750 PPM co) BALANCE H2. 
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FIGURE 9. - PERMEABILITY VERSUS NUMBER OF 5-HOUR CYCLES. 
PPM H20 (DERIVED FROM 500 PPM cop) BALANCE H2. 
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F!GL!RE 10. - PFRMFARILITY VERSUS NUMBER OF 5-HOUR CYCLES. 
1500 PPM H20 (DERIVED FROM 1500 PPM CO) BALANCE H2. 
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FIGURE 11. - PERMEABIL ITY VERSUS NUMBER OF 5-HOUR CYCLES. 
2000 PPM H20 (DERIVED FROM 2000 PPM LO) BALANCE H2. 
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( A )  HIGH P U R I T Y .  ( B )  750 PPM. 

( C )  380 PPM. 

FIGURE 13. - SCANNING ELECTRON MICROGRAPHS O F  INNER SURFACE OF CG-27. 



( A )  HIGH P U R I T Y .  (B) 750 P P M .  

( C )  380 PPM co. 
FIGURE 14. - UNETCHED OPTICAL CROSSECTIONS OF INSIDE SURFACE OF CG-27. 
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